The actin binding and ATPase kinetics of cardiac myosin subfragment-1 were compared with prior studies on skeletal myosin subfragments. Previous kinetic studies on rabbit skeletal subfragment-1 (S-l) have revealed two important features of the actomyosin ATPase activity. First, hydrolysis of ATP by myosin subfragment-1 proceeds both when S-l is bound to actin and when it is dissociated from actin. Second, the actin concentration required to reach half the maximum ATPase activity, K a ( ATPase), is considerably lower than the actin concentration required to bind half the subfragment-1 during steady state hydrolysis of ATP, K a (binding). These kinetic facts require that skeletal myosin hydrolyze ATP without dissociating from actin; therefore, a "nondissociating" pathway for ATP hydrolysis exists. The studies reported here show that porcine cardiac S-l is very similar to rabbit skeletal S-l. Under identical conditions to prior work on skeletal S-l, the K a (ATPase) of porcine cardiac S-l is approximately equal to that reported for skeletal S-l. This is also true for K a (binding). I n recent years, there has been considerable interest in the mechanism of ATP hydrolysis by skeletal myosin subfragment-1 (for reviews, see Eisenberg and Hill, 1 Taylor, 2 and Webb and Trentham 3 ). Fewer studies on the kinetics of cardiac myosin subfragment-1 have been performed. 4 " 7 A detailed study of the kinetics of cardiac S-l has the potential both to improve the understanding of myosin kinetics in general and to elucidate the differences between normal and abnormal cardiac myosins, which have been reported to be associated with certain disease states.
I n recent years, there has been considerable interest in the mechanism of ATP hydrolysis by skeletal myosin subfragment-1 (for reviews, see Eisenberg and Hill, 1 Taylor, 2 and Webb and Trentham 3 ). Fewer studies on the kinetics of cardiac myosin subfragment-1 have been performed. 4 " 7 A detailed study of the kinetics of cardiac S-l has the potential both to improve the understanding of myosin kinetics in general and to elucidate the differences between normal and abnormal cardiac myosins, which have been reported to be associated with certain disease states. 89 Early steady-state studies of the actin-activated skeletal subfragment-1 ATPase activity revealed that the steady-state hydrolysis rate had a simple hyperbolic dependence on the actin concentration. 10 Since the actin dependence was hyperbolic, a double reciprocal plot allowed for the determination of two kinetic con-stants: V max , the extrapolated maximum ATPase activity at infinite actin; and K a r,m nl , the actin concentration required to reach one-half . Henceforth, K apparenI for the ATPase will be written as K a (ATPase).
The first model for the activation of the myosin ATPase activity by actin that was based both on presteady-state and steady-state kinetic measurements was proposed by Lymn and Taylor": 
-» AM + D + P,
In all models A = actin, M = HMM or S-l (i.e., soluble myosin subfragments), D = ADP, T = ATP, and P, = inorganic phosphate. Following the binding of ATP to actomyosin, rapid dissociation of the actomyosin complex occurs (1) , and this is followed by the reversible hydrolysis of ATP on the myosin surface (2) . The processes denoted above by (1) and (2) were studied individually by Lymn and Taylor," 12 and it was found that the rate constant for dissociation (1) was much faster than that of the reversible hydrolysis step (2) . While this fact alone does not require that dissociation precede hydrolysis in the proposed model, Lymn and Taylor recognized that if dissociation occurred each time the ATP was hydrolyzed, this would provide a mechanism for the cyclic attachment and detachment of the myosin cross-bridge to actin during contraction. Following the reversible hydrolysis step, MDP, binds to actin (3) followed by the slow release of the products of hydrolysis (4) . To make the model consistent with the steady-state studies of Eisenberg and Moos, 10 Lymn and Taylor assumed that the release of products (ADP and P,) was rate-limiting for the cycle. This was necessary because the steady-state V max was considerably slower than the forward rate of the reversible hydrolysis step measured by presteadystate kinetic techniques. In summary, in the LymnTaylor model: 1) the rapid dissociation step was treated as if it were irreversible; 2) the direct transition AMT-»AMDP; was assumed insignificant; and 3) product release was made rate-limiting.
In 1978, Stein et al 13 studied the binding of actin to subfragment-1 during presteady-state and steady-state hydrolysis of ATP. They observed that the actin concentration for half-maximal actoS-1 binding, K a (binding), was significantly larger than the actin concentration required for half-maximal ATPase activation, K a (ATPase). They also found that the rapid dissociation step was reversible, leading to a rapid equilibrium between AMT and A + MT. The dissociation constant for this equilibrium, K,, was approximately twofold stronger than the dissociation constant between AMDPi and MDP,, K 3 .
51314 A modification of the Lymn-Taylor model to account for these data would appear as follows:
A + M*T ; AM*T A + M**DP, AM**DP In this diagram, stars have been added to indicate that the kinetic intermediates possess an enhanced tryptophan fluorescence over that of the subfragments in the absence of nucleotide. 15 " 17 Note that the rate constant k 4 in this diagram represents both the release of products and the rebinding of ATP to AM. Because actin can bind to the state M*T, this diagram predicts that very high actin concentrations should inhibit the myosin ATPase activity leading to zero activity at saturating actin concentrations. Stein et al 13 Further evidence for this model was soon reported. i819 Mornet showed that the steady-state ATPase activity of subfragment-1 covalently cross-linked to actin was similar to the V max obtained by extrapolation to infinite actin with noncovalently cross-linked S-l, implying that no significant inhibition occurs at saturating actin concentrations. It is now generally accepted that this four-state model is the minimal model required to describe the actin-activated myosin ATPase activity. Controversy continues over whether this model is sufficient for explaining all of the available steady-state and presteady-state data. Stein et al 1314 found that in order for the four-state model to account for the difference between K a (ATPase) and K a (binding) it was necessary to assume k' 2 was rate limiting and k 4 was very fast in comparison. However, these restrictions led to the prediction that the concentration of the states M**DP; and AM**DP : would fall to very low levels at high actin concentrations. The data of Stein et al, 13l4>2°u sing high actin concentrations and cross-linked actoS-1, showed that the concentrations of these intermediates were significantly higher than predicted, and a so-called "six-state model" was proposed to account for this data. However, recent work by Rosenfeld and Taylor 19 suggests that the concentrations of M**DPj and AM**DP i are lower under certain conditions, and they conclude that the data currently available are not sufficient to rule out the four-state model.
The concentrations of the states M**DP| and AM**DP; are related to the so-called "P s burst" magnitude, and it is convenient at this time to introduce the concept of the burst. If myosin and ATP are mixed and then quenched with acid at time points of 10-100 milliseconds, P, appears in the medium much faster than the steady-state rate; hence a "burst" of P{ is observed. The measurement of the magnitude of the Pi burst is based on the principle that when acid is added to the mixture of M*T and M**DPi, the T (ATP) is returned to the medium from the state M*T while the state M**DPi releases D (ADP) and P, to the medium. That is, when S-l is mixed with ATP, the reaction mixture traverses the following minimal sequence of events 4 -51521 :
Here, MT is the collision intermediate, and k' 4 represents a very slow rate of the release of products in the absence of actin. Other kinetic intermediates have been shown to exist, 7 but under the present conditions (i.e., at saturating ATP concentrations), these intermediates have negligible concentrations.
Following the addition of saturating ATP to S-l, M*T forms rapidly. Then with a rate constant given by k 2 + k_ 2 + k' 4 the system approaches the steady state, and the state M**DP, becomes populated. Because k 2 + k_ 2 » k 4 , k 4 can be ignored. The rate constant for formation of M**DP| is by definition equal to the rate of the P, burst (k 2 + k_ 2 ). The concentration of M**DPi when the system reaches steady state is by definition equal to the magnitude of the P ; burst. In the presence of actin, the definitions are more complex, 13 but the meaning is basically the same. In this case, the magnitude of the burst is the concentration of all species containing quenchable Pi t and the P : burst rate is the rate constant at which the system approaches the steady state.
Therefore, in both the four-and six-state models: 1) the binding of ATP to actomyosin does not lead to complete dissociation of the complex; instead, a rapid equilibrium ensues between actin-bound and actin-free myosin states; 2) hydrolysis of ATP does not require that myosin dissociate from actin; instead, two pathways exist for hydrolysis: a dissociating pathway (k 2 ) and a nondissociating pathway (k' 2 ) (see models); 3) both models account for the fact that at low ionic strength, half-maximal ATPase activity occurs at a much lower actin concentration than is required to achieve half-maximal actin binding, i.e., K a (ATPase) is stronger than K a (binding) [The Lymn-Taylor model requires that K a (ATPase) = K a (binding)]; and, 4) of the two models, only the six-state model can account for 3) above without requiring the concentration of the state AM**DPi to fall to very low levels as the actin concentration approaches saturation.
In the present work, the kinetics of cardiac S-l have been investigated. We find that K a (ATPase) is significantly stronger (smaller) than K a (binding). Furthermore, we find that K a (ATPase) and K a (binding) are similar for skeletal and cardiac subfragments. However, we find that the V max of cardiac S-1 is about twofold to threefold lower than that of skeletal S-1. This has been noted previously. 5 Finally, we demonstrate that the measured ATPase activity is not inhibited at high actin concentrations or with crosslinked actoS-1, suggesting that a nondissociating pathway of hydrolysis must exist in the kinetic scheme for cardiac subfragment-1 as it does for the skeletal subfragments.
Materials and Methods

Protein Preparations
MYOSIN. Myosin was prepared from adult pig ventricles (approximately 100-kg pigs) using a modified method of Siemankowski and White. 7 The major difference between our procedure and theirs is that we did not grind the muscle into myofibrils. We find that grinding too finely leads to a greater extraction of actin, and this leads to a greater loss of myosin during later parts of the purification procedure.
SUBFRAGMENT-1. Chymotryptic S-l was prepared by a modified method of Weeds and Taylor.
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The extinction coefficient used for cardiac S-l was 0.75. 23 ACTIN. Actin was prepared from rabbit skeletal muscle following the method of Eisenberg and Keilley. 24 The extinction coefficient used for F-actin was 1.15.
CROSS-LINKED ACTOS-1. This was prepared using a modified method of Mornet et al 18 -20 with the exception that we used absorbance at 280 nm to determine the fraction of S-l cross-linked to actin. A biuret protein determination was then used to determine the final cross-linked actoS-1 concentration.
Magnitude of the P t Burst and Irreversible Binding
The P, burst magnitude measures the fraction of the S-l molecules in the state M**DP; at steady state, and the irreversible binding magnitude is a measure of the fraction of S-l sites that are "active" (see "Discussion"). Both the magnitude of the Pi burst and irreversible binding were measured using a steady-state [y-
32 P]ATP technique. The magnitude was measured using a quench technique, while the irreversible binding was measured using a chase technique.
QUENCH METHOD. In this technique, 0.1 ml of 2.0 mM [y-
32 P]ATP is added to 2.4 ml of a reaction mixture. The final 2.5 ml mixture contains 80 /u.M ATP, 20 fjM S-l, 10 mM imidazole, pH 7.0, 1.1 mM MgCl 2 , and 1 mM dithiothreitol (DTT). After addition of the ATP, 0.3 ml aliquots were taken out at 15-20-second intervals, and measurement of the P ; released was made by extracting the 32 Pi as a molybdate complex with isobutanol/toluene. The procedure is carried out in the absence of S-l to provide a 32 P blank to subtract from the data. The P : released (minus the blank) is then plotted as a function of time, and the extrapolation back to zero time gives an estimate of the burst magnitude. In addition, the slope of the line is proportional to the steady-state S-l ATPase activity in the absence of actin. 13 CHASE METHOD. This technique is similar to the above, except that at time zero 0.1 ml of [y-32 P]ATP (2.0 mM) is added to 1.9 ml of a mixture containing S-1. At 5 seconds, 0.5 ml of 50 mM "cold" (nonradioactive) Mg-ATP is added. This provides a 100-fold dilution of the initially added [y-
32 P]ATP. Samples (0.3 ml) are withdrawn every 2 minutes and analyzed for P, produced. The final 2.5-ml solution, after addition of the cold ATP, contains 20 ^M S-l, 10 mM imidazole, 1.1 mM MgCl 2 , 1.0 mM DTT, and 10.08 mM Mg-ATP. A plot of the P : released as a function of time rises initially as the irreversibly bound ATP is hydrolyzed and released but then becomes essentially flat. This is due to the hundredfold dilution of the "hot" (radioactive) ATP, which leads to a hundredfold decrease in the steady-state hydrolysis of [y-
32 P]ATP. The plateau of the plot gives the fraction of the initial S-l that irreversibly bound ATP during the initial 5-second period.
Stopped-Flow Fluorescence Measurements
These measurements were made on a Durrum stopped-flow spectrophotometer. To measure tryptophan fluorescence enhancement, light, at a wavelength of 295 nm, is passed through the observation cell, and emitted light intensity at wavelengths exceeding 340 nm is measured at 90° to the incident beam. The voltage signal of the photomultiplier is fed directly into the memory of an IBM XT computer, using the Data Translations analog-to-digital converter 2801, which is capable of direct memory access at a sampling frequency of 20 kHz. A least-squares fit of the signal to a single exponential curve is performed by the computer, resulting in a rate constant for the process. 25 
ATPase Assays
The ATPase activity was measured using radioactive [y-32 P]ATP and measuring the released 32 P; as a function of time. The technique has been described previously. 13 
Steady-State actoS-1 Binding
Steady-state actoS-1 binding was performed using the direct transmittance mode on the Durrum stoppedflow spectrophotometer. The technique has been described previously. 13 Basically, light at a wavelength of 340 nm is passed through an observation cell containing either buffer or proteins for which the optical density (OD) is desired. Transmitted light intensity (I) along the direction of the initial beam is then measured in volts. The transmitted light intensity is greatest for the buffer, and the optical density for the sample(s) is calculated by the formula:
Comparison of the OD of actoS-1 during steady-state hydrolysis of ATP and after complete ATP hydrolysis with the OD of actin and S-1 alone leads to the determination of the fraction of S-l bound to actin. Several determinations at varying free actin concentrations lead to a binding curve from which K binding is determined.
Results
Properties of Subfragment-1
A problem of protein degradation potentially exists during the preparation and purification of subfragment-1 from cardiac muscle. This degradation occurs as a result of the proteases released when the heart muscle is minced and the membranes solubilized; therefore, certain properties of each protein preparation were tested routinely. Figure 1 shows the polyacrylamide gel electrophoresis of porcine cardiac S-l, prepared as described in "Materials and Methods." The heavy chain appears as one major band at approximately 100,000 daltons. Two smaller polypeptides are also present. These polypeptides may be the LCI and LC2 light chains because they appear to have the correct relation to skeletal myosin light chains. 26 It has been reported that cardiac myosin subfragment preparations usually lack LC2. We find the amount of the smaller polypeptide to be variable and always less than the larger of the two small polypeptides. Despite variable amounts of the smaller polypeptide the kinetics of many different preparations were the same.
To measure the integrity of the enzymatic site of the cardiac S-l, the irreversible binding magnitude was determined. This magnitude provides a measure of the fraction of intact S-1 active sites. In this measurement, [y-32 P]ATP is mixed with S-l for 5 seconds, during which time all sites bind ATP, and M*T and M**DP ( come into equilibrium, but due to a very slow ATPase rate, no significant turnover occurs. The system is then chased with a hundredfold excess of "cold" ATP. After the chase, all the active sites will eventually hydrolyze the bound ATP and release 32 P,. Myosin sites that bind ATP and exchange it freely with the medium are assumed inactive. No significant further hydrolysis of labelled ATP by the active sites will occur because S-l splits ATP very slowly in the absence of actin and because of the hundredfold excess of "cold" ATP. Therefore, the amount of 32 P, present after several minutes will approximately equal the number of hydrolytic sites that bind ATP irreversibly. This value at several minutes can be approximately corrected for the very slow rate of steady-state [y-
32 P]ATP hydrolysis by extrapolation back to zero time. Figure 2 illustrates such an experiment for a preparation of cardiac S-l that contained 0.75 moles of irreversible binding sites per mole of S-l molecules. There is some uncertainty as to the state of the remaining 25% of the S-l molecules (see "Discussion"). Different cardiac S-l preparations had irreversible binding magnitudes ranging 1314 " The lower magnitude for cardiac S-l may result from the greater lability of these proteins. 4 '
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Magnitude and Rate of the Phosphate Burst in the Absence of Actin
The burst magnitude measurement is the fraction of the S-l molecules in the state M^DPj under steadystate conditions. In the experiment, 20 fxM S-l was mixed with 100 fxM [y-32 P]ATP, and M*T is formed within a few milliseconds. The approach of the system to steady state was then followed by quenching the reaction with acid and assaying for released Figure 3A shows a measurement of released P; as a function of time. As can be seen by extrapolating to zero time, a large amount of P; cannot be accounted for by the steady-state hydrolysis of ATP alone -this excess Pj is the phosphate burst magnitude. In Figure  3A the burst magnitude is 0.48 ^imol P/fimo\ S-l. Hence, 0.48, or approximately half of the S-l, is in the state M**DPi at steady state. The corrected burst magnitude, which is 0.64 in this case, is obtained by dividing the burst magnitude by the irreversible binding magnitude: 0.48/0.75 = 0.64. It is assumed in this correction that the 25% of sites that do not show irreversible binding also do not form an M**DP ; intermediate.
The P j burst was measured at 5° C to increase the accuracy of the extrapolation (due to slower steadystate ATPase rate). Measurements at 15° C (not shown) gave a somewhat higher magnitude (0.7). For comparison, skeletal S-l at 15° C under the same con- FIGURE ditions gave a corrected burst magnitude of 0.75 P/fiM S-l. 13 The rate of the P, burst is equal to the rate of the conversion of M*T to M^DPp This conversion can be assessed using stopped-flow fluorescence measurements because M**DPj has a higher intrinsic tryptophan fluorescence than M*T. Saturating ATP is mixed with subfragment-1, and M*T is formed virtually instantaneously (within the dead time of the instrument). Therefore, when the mixture reaches the optical observation cell it is already in the state M*T. The formation of M**DP, is then followed as an increase in fluorescence, and a rate constant for this process is obtained. Figure 3B shows the tryptophan fluorescence enhancement of pig cardiac S-l when mixed with 1 mM Mg-ATP in the stopped-flow machine. The maximum increase in fluorescence is approximately 14% of the initial tryptophan fluorescence, and the trace adequately fits a single exponential curve with a rate constant of 20 sec" 1 at 15° C. The range of rate constants for different preparations was 18-22 sec"
Irreversible binding magnitude. The ordinate represents the total Pj measured following the chase (fimol Pjyjnol S-l). The initial rapid increase in P j is due to the steady-state hydrolysis of irreversibly bound [y-32P]ATP. The P t measured then reaches a plateau followed by a slow steady-state P t production. This steady-state P, production is very slow owing to the hundredfold dilution of [y-32 P]ATP by the chase (see text). Conditions prior to chase: 20 fiM S-l
1 . This rate is slightly slower than that reported for skeletal subfragment-1 (24-30 sec" 1 ) under identical conditions. The trace is divided into two time frames, one at 20 msec/division and one at 20 sec/division. The measured intensity may be described in five periods as follows: in Period 1, AM*T and M*T have come into rapid equilibrium before reaching the observation cell (within the dead time of the apparatus). At the end of Period 1, the flow stops. Period 2 represents the approach of the system to the steady-state level of binding. The increase in intensity shows that the binding constant between actin and M*T is stronger than that between actin and M**DP,. Period 3 is the steady state. When the ATP approaches exhaustion the turbidity begins to rise (Period 4), and in Period 5 the binding of actin to S-l is complete (actin is always in excess). The fraction of S-l bound to actin in the steady state is determined by comparing the turbidity of actoS-1 during steady-state hydrolysis of ATP with the turbidities of actin, S-l, and actoS-1 at complete ATP exhaustion. least-squares hyperbolic analysis, which reveals that the fraction bound at infinite actin is 1.08 ± 0.13 (JLM and that K a (binding) in the presence of ATP is 26 ± 3 /xM. An argument could be made for requiring that the fitted line extrapolate through 1.0; if this were done the dissociation constant would be 24 ± 2 M Steady-State ATPase Activity Figure 5 shows the double-reciprocal plot of the ATPase activity of cardiac S-l vs. the actin concentration. The extrapolated V max is 1. 8 This cross-linked protein, which was first introduced by Mornet and his collaborators, is believed to represent the S-1 molecule bound to actin at the active site. Thus, the ATPase activity of the cross-linked protein is regarded as equivalent to S-l at saturating actin concentrations. Table 1 shows a summary of the kinetics of cardiac and skeletal S-l for comparison. Chymotryptic rabbit skeletal S-l can be separated into two isozymes: (A-l)S-l and (A-2)S-1. In Table 1 , under rabbit skeletal proteins, (S-l) refers to the unfractionated protein containing both isozymes. The rabbit muscle used in these preparations was latissimus dorsi from adult New Zealand white rabbits.
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Discussion
The data presented here show that cardiac S-1 kinetics are very similar to skeletal S-l kinetics despite significant differences in steady-state ATPase activities. As in skeletal S-l, K a (ATPase) and K a (binding) are significantly different, and no significant inhibition is seen in the ATPase activity at high actin concentration. This implies that the same minimal kinetic model will be necessary to account for the cardiac data, namely, that the model will require at least four states containing nucleotide and will contain both "dissociating" and "nondissociating" hydrolysis pathways. The relation of this work to studies on the isoforms of The muscles used were derived from adult porcine ventricles and rabbit latissimus dorsi. Skeletal chymotryptic S-1 can be separated into two components: (A-l) S-1 and (A-2) S-1. S-1 appearing alone represents the unfractionated S-1. The terms K ATPase and K binding are equivalent respectively to K a (ATPase) and K a (binding).
namely, a preponderance of V 3 and minimal amounts of V, and V 2 . 28 If this is the case, the studies here probably refer to the isoform V 3 . From a physiological point of view, recent data on skeletal muscle suggest that it is the rate-limiting step in the actomyosin ATPase activity that controls the rate of force development in vivo. 2729 Since the biochemical mechanism for cardiac myosin is very similar to skeletal myosin, the force development of cardiac myosin may be similarly controlled.
Clarification of several points is in order. Figure 2 shows that our cardiac S-1 contains 0.75 "irreversible binding" or "active" sites per S-1 molecule. This implies that 25% of the S-1 is "dead." However, it is known that skeletal S-1, which shows 80% irreversible binding, virtually completely binds to actin in the absence of nucleotide. 30 Furthermore, at moderate to high ionic strengths virtually all of the bound S-1 is released from actin in the presence of ATP." Hence, these "dead" S-1 molecules do bind actin strongly, and ATP does weaken the binding. Experiments at stoichiometric ATP to S-1 ratios imply, however, that these S-i molecules bind ATP more weakly than the active sites, which bind ATP irreversibly and are dedicated to hydrolyze it. 43132 The fluorescence shown in Figure 3B represents a 14% increase over the initial tryptophan fluorescence. Marston arid Taylor 5 also measured the ATP-induced fluorescence enhancement of cardiac S-1 and observed a larger magnitude (20-25%) . This may be because these authors worked at lower ATP concentrations where they were able to observe the transition from M to M*T in addition to that from M*T to M**DPj. In our experiments at 1 raM ATP, the first fluorescence transition is lost in the dead time of the apparatus, and only the single process M*T to M**DP ( is observed.
A previous report 33 suggests that the measurement of fluorescence with cardiac S-1 may be compromised by turbidity changes due to aggregation. Measurements with transmitted light using our protein showed no turbidity changes using S-1 in the absence of actin, and we do not believe such a problem exists with our protein.
The measurement of the fraction of S-1 bound to actin during steady-state hydrolysis of ATP is depicted in Figure 4A . Note that the transmitted light intensity reached before the flow stops (Period 1) is lower than the intensity achieved in the steady state (Period 3), i.e., the turbidity is higher. This implies that although the proteins were introduced separately and in the presence of ATP more actih-S-1 binding occurred initially than was present at steady state; If M*T was completely dissociated from actin at time zero, the approach to steady state would be accompanied by an increase in turbidity rather than a decrease. The simplest interpretation of this phenomenon is that AM*T and M*T are in rapid equilibrium that forms during the dead time (2-3 milliseconds) and that the binding of M*T to actin is stronger than the binding of M**DPi to actin. Hence, in the four-state model, the dissociation constant K, is stronger than the dissociation constant K 3 .
To understand how differences in K a (ATPase) and K a (binding) affect the modeling, consider the Lymn-Taylor model. In this model activation occurs as a result of actin binding to the state M**DP : . The ATPase can be written (AM**DP/M lolal ) x k 4 . However, note that (AM**DP/M lotal ) is the fraction of S-1 bound to actin. If all of the rate limitation is in the constant k 4 , as assumed by Lymn and Taylor, then k 4 approximately equals V max . Therefore, the fraction of maximal ATPase activity is equal to AM**D-P/M tolal , which is identical to the fraction of S-1 bound to actin. Clearly, in this case K a (ATPase) equals K a _ (binding).
Consider next the four-state model. In this case, since two binding equilibria exist, it is in principle possible for K a (ATPase) to differ from K a (binding). However, if k 4 is made rate limiting so that at infinite actin V max = k 4 , then this model wili also require K a (ATPase) to equal K a (binding). The only way that this model can support significant differences between K a (ATPase) and K a (binding) is to make k' 2 rate limiting and k 4 fast. 131427 The six-state model (Stein et al 13 ) has two rate-limiting steps. In this model, K a (ATPase) and V max are mainly controlled by K 6 , k' 5 , k 5 , and k 4 while K a (binding) is controlled by K, and K 3 . There-fore, for the four-state model to account for differences between K a (ATPase) and K a (binding), k' 2 must be rate limiting and k 4 must not be rate limiting. The six-state model is less restricted as a result of K a (ATPase) differing from K a (binding).
The simplest model that can fit the binding data presented in Figure 4 is M*T / AM*T M**DP. / AM**DP,
As previously stated, it is the binding of actin to the state M*T that will cause this model to predict zero ATPase activity at infinite actin. The algebraic expression for the model above has been worked out previously 13 and is given by:
which can be rewritten as:
where V is the steady-state rate, and A is the actin concentration.) A plot of this expression on a double-reciprocal axis would appear as follows:
At low actin values, the curve is linear, extrapolating (K a (ATPase)) for the cycle. InhitoaV max andaK apparem bition begins to be apparent after the curve reaches its minimum v -axis position. The plot then approaches infinity (V -> 0) as the actin concentration approaches infinity. Hence, actin inhibition is predicted by the Lymn-Taylor model, leading to zero ATPase activity at infinite actin.
Reviewing Figure 5 , it is seen that at 100 /JLM actin, the ATPase activity begins to show slight inhibition. That is, although the double-reciprocal plot has not reached a minimum value followed by inhibition as in the plot above, the ATPase activity has in fact leveled off. This type of behavior has been seen previously, 34 and although it may be due to an artifact in measuring the ATPase activity at high actin concentrations, it can also be accounted for by a model with a nondissociating pathway. The algebraic expressions for the ATPase activities predicted by the four-state and sixstate models also have nonlinear terms that can lead to inhibition. However, in these models the steady-state ATPase activity at high actin concentration does not approach zero. The algebraic expression for the fourstate model is:
This can also be written as:
At low actin concentrations, this expression will also predict a linear double-reciprocal plot because the nonlinear term will be significant only at moderate to high actin concentrations. However, unlike the modified Lymn-Taylor model, as actin approaches infinity the nonlinear inhibition term does not approach infinity. Instead, this term approaches l/k' 2 -l/k 2 . Therefore, the four-state model can account for small amounts of inhibition in the ATPase activity at high actin concentrations, but does not predict a zero ATPase activity as does the modified Lymn-Taylor model. The six-state model has two inhibition terms of this type. The final data that must be discussed is that of the ATPase activity of the cross-linked actoS-1. This protein is different from non-cross-linked actoS-1 in that the ATPase activity is high independent of the ionic strength imposed. The ATPase activity of the cross-linked actoS-1 using cardiac S-l is approximately 30% lower than the extrapolated V max of the doublereciprocal plot. The reduced activity may be due to the cross-linking procedure, i.e., partial denaturation or may be a true reflection of the ATPase activity at infinite actin concentrations. The ATPase activity of skeletal cross-linked actoS-1 was also reduced by 20-30%. 20 We conclude by showing how the obtained data can be applied to a model. Since very little presteady-state data is presented here, it would not be constructive to attempt to fit the data to a six-state model, i.e., the additional degrees of freedom are not necessary. When S-l and ATP are added in a stop-flow machine, the burst rate is the rate at which the system approaches the steady state and is given by k 4 + k 2 + k_ 2 . In the absence of actin, k 4 is very slow, hence: k 2 + k_ 2 = 20 sec"' (see Figure 3B) (1)
The corrected burst magnitude at 15° C can be found in Table 1 and is approximately 0.75. A magnitude of 0.75 means that 75% of the active sites are in the state M**DPi and 25% are in the state M*T at steady state. Since k 4 is very slow in the absence of actin: The remaining constants that must be defined are K,, K 3 , k 4 , k' 2 , and k'_ 2 . Because of the difference between K a ( ATPase) and K a (binding), it is reasonable to choose k' 2 = 2 sec" 1 (approximately V max ) and k 4 in the range of 20-30 sec" 1 [see "Discussion" on K a (ATPase) and K a (binding)]. The K a (binding) obtained at steady state (~ 24 /u,M) is a function of both the dissociation constants K, and K 3 . The data in Period 1 of Figure 4A was interpreted as the result of K, being "stronger" than K 3 . The presteady state turbidity seen has not been studied sufficiently in detail to assign an accurate number to the ratio K 3 /K,. Generally, trial and error is used to choose K, and K 3 . Computer modeling shows that a reasonable fit to the data occurs if K 3 = 63 fxM and K, = 7 fiM (K 3 /K,~9). k'_ 2 is then automatically determined by detailed balance: K,K 2 = K' 2 K 3 where K' 2 = k' 2 /k'_ 2 (i.e., k'_ 2 = 6 sec -').
The resulting model predicts that the magnitude of the P, burst falls to very low values at high actin concentrations. However, no data for the cardiac P, burst magnitude as a function of the actin concentration currently exists. We plan to measure the P, burst magnitude to test this prediction of the four-state model.
